Nonresonant excitation of H 2 at 248 nm using 5 ps and 0.5 ps laser pulses with intensities 5 ϫ10 11 and 5ϫ10 12 W/cm 2 , respectively, is studied by measurement of the angle-speed distributions of the H ϩ photofragment using velocity map imaging. Three main H ϩ production channels are observed: ͑a͒ three-photon dissociation to H(nϭ1)ϩH(nϭ2) followed by photoionization of H(nϭ2); ͑b͒ dissociative ͑auto͒ionization following four-photon absorption to form H(nϭ1) ϩH ϩ ϩe Ϫ ; and ͑c͒ autoionization from a doubly excited state producing a H 2 ϩ vibrational distribution peaking at (v ϩ ϭ2,7,13) and subsequent photodissociation of these vibrationally excited ions. In the neighborhood of the energy sum of three 248 nm photons lie transitions to the BЈ 1 ⌺ u ϩ (3p) vibrational continuum and the two bound states BЉ 1 ⌺ u ϩ (4p)(vϭ2) and
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I. INTRODUCTION
Laser ionization is a general and informative means of studying the interaction of molecules with high intensity light fields and a prime detection method for probing nascent species. In fact, as the laser intensity increases multiphoton ionization ͑MPI͒ becomes the dominant process. As the simplest molecules, H 2 and H 2 ϩ are good test cases for understanding MPI. Furthermore, short-pulse, intense laser light is becoming increasingly popular as a ''universal'' ionization source, i.e., a source that ionizes with equal efficiency all internal states of the target molecule. Ideally, MPI should produce only the parent molecule ion, but in practice this is not always the case. To investigate these concepts we have studied the MPI/dissociation process for H 2 using short pulse UV light at 248 nm. This wavelength is not directly resonant with any bound states of the neutral or ion, even for multiphoton absorption. Several studies of H 2 MPI at 248 nm, 1, 2 390/780 nm, 3 532/527 nm, 4 and 600 nm ͑Ref. 2͒ have been reported and also at 532 nm in D 2 , 5 mostly at intensities above 10 14 W/cm 2 , where ATD, ATI, bond-softening, and other higher-order effects take place. These effects also occur during the interaction of intense laser light with the product hydrogen ion H 2 ϩ . 6 In this study intensities below 10 14 W/cm 2 are used, in the range where significant H 2 ϩ and H ϩ production is observed, but where the more exotic effects are not expected.
The photodynamics of the hydrogen molecule are special due to the existence of well-characterized doubly-excited repulsive states, which have been described in detail by Guberman. 7 The method used in this experiment ''velocity map imaging'' 27 is an excellent means for studying photodissociation processes. It provides not only the kinetic energy of the formed fragments but also their angular distributions with respect to the laser polarization. The kinetic energy resolution ͑ϳ20 meV at 1 eV͒ is sufficient that different dissociation pathways can usually be identified regardless of the number of photons absorbed. The angular distribution I() is dependent on the angle between the laser polarization direction and the velocity of the fragments. This obtained angular distribution I() reveals the symmetry of the electronic states involved in the initial photon steps. For a stepwise N-photon dissociation this can be given by [28] [29] [30] 
for a parallel transition and
for a perpendicular transition. The slow dissociation limiting values for these anisotropy parameters are ␤ 2ʈ ϭ0.5 and ␤ 2Ќ ϭϪ0.25. Measurement of ␤ for each channel thus provides information on the symmetry of the electronic states involved in the absorption process and their lifetimes with respect to rotation.
II. EXPERIMENT
The velocity map imaging apparatus has been described in detail elsewhere 31 so only a brief overview will be given here. A piezoelectric driven nozzle produces a pulsed supersonic beam of pure H 2 that is skimmed and collimated then directed down the axis of a time-of-flight ͑TOF͒ mass spectrometer. The excitation laser is focussed with a 19 cm lens onto the molecular beam and ions are extracted toward a pulsed MCP with phosphor screen detector read by a CCD camera. The 248 nm laser 32 produces a selectable pulsewidth of 5 or 0.5 ps. The laser intensity is estimated to be 5 ϫ10 11 W/cm 2 for the 5 ps laser pulse and a factor of 10 higher for the 0.5 ps laser. The obtained 2D images were inverted to 3D with an inverse Abel transformation from which the velocity and angular distributions were extracted. It was not possible to obtain electron images in this experiment due to an overwhelming background signal due presumably to pump oil.
III. RESULTS AND DISCUSSION

A. Multiphoton dynamics
The energy of one 248 nm photon is greater than the binding energy ͑4.48 eV͒ of the X 1 ⌺ g ϩ ground state of H 2 , but far too low in energy to reach the repulsive b 3 ⌺ u ϩ state. The Franck-Condon factors for a one-photon transition to the dissociation continuum are expected to be zero. Twophoton absorption is also nonresonant with bound states of H 2 , and transition to the b 3 ⌺ u ϩ repulsive state is forbidden due to g↔g and ⌬Sϭ0 selection rules. Only by absorption of three 248 nm photons are the regions of bound and continuum states accessible in H 2 , as seen in Fig. 1 . This threephoton energy, 14.96 eV, exceeds the binding energy of states correlating with the H(nϭ1)ϩH(nϭ2) dissociation limit, at 14.68 eV. While no bound states fall at exactly the three-photon energy, bound-free transitions to the repulsive inner wall ͑vibrational continuum͒ of lower-lying bound states such as
could then produce H(nϭ2) atoms which will be immediately ionized in the strong laser fields, forming electrons, and H ϩ atoms with 0.28 eV total kinetic energy release. This three-photon transition can also be nearly resonant with a bound Rydberg state of H 2 . A three-photon boundbound transition is similar to a one-photon transition regarding selection rules of electronic state parity and spin multiplicity. Starting from the molecular hydrogen ground state X 1 ⌺ g ϩ one would expect the final state to be of 1 ⌺ u or 1 ⌸ u symmetry. The parity selection rule ϩ↔Ϫ is less strict, as confirmed in previous experiments using ͑3ϩ1͒ REMPI via the B, [8] [9] [10] [11] [12] [13] [14] 16 BЈ, 25, 26 and BЉ ͑Ref. 25͒ states. This is similar for transitions to a 1 ⌸ u ϩ or 1 ⌸ u Ϫ state, but it is noted that these different parity states show different behavior in dissociation and ionization dynamics. 26 The equivalent threephoton final state at 14.96 eV of H 2 can be compared with the XUV one-photon studies by Arai et al. 33 and GlassMaujean et al. 34 The high-resolution absorption spectra of Glass-Maujean et al. 34 show different rotational transitions to the D 1 ⌸ u (vϭ4) and the BЉ 1 ⌺ u ϩ (vϭ2) state in the 14.96 eV region. Also, these two states are seen in the Lymann-␣ fluorescence excitation spectrum, which shows that they also predissociate to the nearby H(nϭ1)ϩH(nϭ2) dissociation limit. Predissociation of Rydberg states of H 2 in this energy region has been analyzed in detail by Gao 35 using multichannel quantum defect theory.
Absorption of another photon, making it a ͑3ϩ1͒ REMPI process, or nonresonant absorption of four 248 nm photons from the ground state, brings the molecule well above the ionization threshold ͑IPϭ15.5 eV͒. In this case several H ϩ production processes are possible including direct ionization or excitation into double excited states. Two important double excited states for this study, 1 ⌺ g ϩ and 1 ⌸ g are also shown in Fig. 1 . The molecule can decay in the double excited state 36 via the processes of autoionization forming H 2 ϩ (v ϩ ) and electrons, or dissociate to neutral fragments H(nϭ1)ϩH(nϭ2Ϫϱ), or undergo indirect dissociative ionization yielding H(nϭ1)ϩH ϩ ϩe Ϫ . The final process is possible because the photon energy of 19.95 eV is high above the ionic dissociation limit at 18.07 eV. Dissociative ionization yields protons with kinetic energy in the energy region 0-1.9 eV. These H ϩ ions are expected to have a continuous energy distribution due to the three-body decay. This in contrast with the neutral dissociation that produces protons with discrete energies corresponding to the different n excited states of the H(n) atom. These discrete levels for H(nϾ1) result in H ϩ kinetic energies in the energy region of 1.9-5.3 eV since any H(nϾ1) excited atoms produced by neutral dissociation will be immediately ionized by the intense laser field. Another possible production mechanism for nϾ1 H atoms is absorption at the fourth photon level to the vibrational continuum of high-n Rydberg singly excited states in the four-photon ͑ϳ20 eV͒ energy region. 37 In the present experiment it is difficult to determine how much H 2 ϩ is being formed by four-photon absorption. H 2 ϩ will appear mainly as a product H ϩ ion due to photodissociation by the 248 nm photons, since the photon energy ͑4.987 eV͒ is larger than the H 2 ϩ bond energy of 2.65 eV. One-photon dissociation would produce H ϩ in the 2.3-5 eV range of total kinetic energy release. Two-photon dissociation of H 2 ϩ would produce highly energetic H ϩ atoms with kinetic energy exceeding our range of detection ͑7.3-10 eV͒. Two-photon dissociation is unlikely due to the lack of suitable final states at 10 eV for H 2 ϩ .
B. Results
Velocity map images of H ϩ were taken using 5 ps and 0.5 ps pulses. Both images are very similar in appearance, thus only the 0.5 ps image is presented in Fig. 2 . Kinetic energy distributions ͑total energy release͒ from the 0.5 ps and 5 ps measurements are plotted in Fig. 3 . Three main dissociation pathways are identified in the kinetic energy distribution. The first channel is the three-photon dissociation of molecular hydrogen into H(nϭ1)ϩH(nϭ2). The second is the four-photon dissociative ionization producing an energy continuum of protons with a cutoff at 1.9 eV corresponding to the four-photon energy minus the first dissociation limit of the hydrogen ion at 18.07 eV. The final observed pathway is one-photon dissociation of vibrational excited product molecular hydrogen ions. These signals arise from a vibrational distribution of ions peaking in the v ϩ ϭ2,7,13 states. This means that the process of ͑auto͒ionization towards the distribution of vibrational states was a precursor for this last proton signal. Furthermore, there is no four-photon excitation resulting in neutral dissociation to nϾ1 H atoms seen in Fig.  3 . It is also noted that no signal ͓due to nonresonant ionization of H(nϭ1)] is seen from dissociation at the one-and two-photon energy level. Direct ionization following nonresonant four-photon excitation may be expected to produce a broad H 2 ϩ (v ϩ ) Franck-Condon distribution peaking at v ϩ ϭ2, similar to that from a He I ͑21. 22 ϩ ϭ2, 7, and 13 is observed. These peaks in the kinetic energy spectrum can only be attributed to one-photon dissociation of H 2 ϩ ionic levels. The v ϩ ϭ2 peak is strongest and it should also be noted from Fig. 1 26 and
. 25 This behavior has been theoretically treated by Chupka 41 and Hickmann 42 with the C 1 ⌸ u state of hydrogen as an example. We have also seen similar multimodal nonFranck-Condon behavior in vibrational spacing in the photodissociation/ionization of O 2 with ps and fs pulses of 248 nm. 43 Chupka 41 and Hickmann 42 explain the nonFranck-Condon effect in H 2 by the photoexcitation of a dissociating, autoionizing state. The time scale for autoionization is long enough for the nuclei to move, so the energy for dissociation can be transferred into the vibrational movement of the nuclei and therefore leaving the H 2 ϩ in different vibrational states. If the molecule did not autoionize during this dissociation pathway only dissociation into neutrals is possible. Note that in Fig. 3 no dissociation into neutrals at the fourth-photon level is seen, so no ͑four-photon excited͒ molecule survives autoionization. In the case of photodissociation of the D state one would expect that the major excited neutral hydrogen atoms formed correlate with the H(nϭ1) ϩH(nϭ3) limit. Even these pathways of special interest do not show up in the kinetic energy distributions of Fig. 3 . It has recently been proven in other studies ͑Scheper et al. 14, 15 ͒ of H 2 REMPI that the neutral dissociation channel, which has often been observed, can also arise by excitation of the Rydberg state to the vibrational continuum of higher lying (nϾ3) singly excited Rydberg states.
An important difference between our study and the previous REMPI studies through the D state is that short-pulse lasers are used and a higher vibrational level (vϭ4) ͑which is strongly predissociated͒ appears to be excited. Previous REMPI studies used nanosecond lasers and did not report REMPI above vϭ2. Indeed, an attempt to observe REMPI via D(vϭ4) with a nanosecond dye laser in our lab was not successful. Excitation via the higher vibrational level accesses higher energies in the doubly excited states, where new processes can take place. In particular, the total energy with four photons ͑19.87 eV͒ exceeds the dissociative ionization limit.
The excitation towards double excited states in our case could be as follows: the D state ͓1 g 3p u 1 ⌸ u ͔ can be core excited by the optically allowed transition 1 g →1 u that leaves the hydrogen in the double excited states Q 1 ͑in the nomenclature of Guberman 7 ͒ in, respectively, the Q 1 1 ⌺ g ϩ and Q 1 1 ⌸ g . These states can either autoionize ͑dissociative or into different vibrational states of the ion͒ or dissociate in neutral excited hydrogen atoms.
Dastidar and Das 37 have theoretically treated the same process in H 2 following ͑3ϩ2͒ REMPI via the B(vϭ4) state. While the intermediate state and the gerade-ungerade character differs from our study, the total energy is quite similar. Furthermore, the density of Q 1 states of gerade character is comparable to those of ungerade character treated by Dastidar and Das. 37 These authors were able to fully model the H ϩ and photoelectron distributions measured experimentally by Rotke et al. 13 Dastidar and Das 37 showed that autoionization, primarily via the Q 1 1 ⌺ g ϩ doubly excited state, gives rise to both dissociative ionization and vibrational autoionization with an extreme non-Franck-Condon distribution. They were also able to account for oscillations in the dissociative ionization continuum which were observed by Rotke et al. 13 In our study very weak peaks in the DI continuum are also seen ͑Fig. 3͒ at 0.2, 0.7, 1.2, and 1.7 eV, but considering the signal to noise ratio these can not be considered as quantitative evidence for oscillations. Dastidar and Das 37 predict equally spaced oscillations in the DI continuum which they assign to the structure in the overlap of the nuclear continuum wavefunction of the doubly excited state with that of the ionic ground state. More significantly for our study, extreme non-FC behavior is also predicted by Dastidar and Das 37 for autoionization yielding H 2 ϩ (v ϩ ). As seen in Fig. 3 , the kinetic energy distributions are very similar for 0.5 ps and 5 ps pulses. Also quite striking is the relative signal for four-photon autoionization and threephoton dissociation is the same for both pulselengths. This indicates that competition between three-photon dissociation and further photoexcitation is not important. This may be expected if the three-photon excitation step is rate-limiting.
D. Angular distributions
The measured angular distributions are fitted to the expression of formula ͑1͒ and the corresponding anisotropy parameters for the main observed channels are presented in Table I . The angular distribution for three-photon dissociation to form H(nϭ2) atoms at 0.28 eV, presented in Fig. 4 , has higher order ␤ values of ␤ 4 Ϸ0 and ␤ 6 Ϸ0, so it can be described with the one-photon expression using only ␤ 2 . The channels arising from one-photon dissociation of the hydrogen ion, however, have to be described with a twophoton expression, which suggests prealignment of the dissociating H 2 ϩ species. Therefore, a fit using ␤ 2 and ␤ 4 in formula ͑1͒ is shown. The according anisotropy parameters ␤ 2 and ␤ 4 are presented in Table I for the 0.5 ps and the 5 ps case.
For the three-photon dissociation channel ͓H(nϭ2) production͔ it was shown previously that the (2) transition is nearly resonant with the laser wavelength. Therefore we assume that the states occupied by the laser excitation are the BЈ vibrational continuum and the D 1 ⌸ u ϩ (vϭ4,Jϭ1) state. The resulting product angular distribution will be a combination of the degree of mixing between the BЈ and D states and the finite lifetime of the D state. The transition to the BЉ continuum is parallel and direct dissociation yields ␤ 2 ϭ2. While the D state has ⌸ symmetry and is thus excited in a perpendicular transition, excitation of the D state via P,R branches, as in our experiment, is found to be predominately parallel 25 due to coupling with the BЉ continuum. The degree of coupling has not been calculated 35 for the D vϭ4 state, and a quantitative value of ␤ was not reported in previous angular distribution measurements 25 the ␤ value for this transition as denoted in formula ͑2͒. The expected ␤ 2 due to rotation of the D 1 ⌸ u ϩ (vϭ4,J ϭ1) state can be estimated as follows. The expected anisotropy parameter ␤ 2 calc can be calculated using formula ͑2͒ and the experimental value of the lifetime determined previously for other rotational levels of the D state. 38 The rotation period T is needed in formula ͑2͒ and this is Tϭ4. 38 Table I (␤ 2 @0.5 psϭ1.22, ␤ 2 @5 psϭ0.96͒ are lower than that expected for a pure parallel transition with rotational predissociation. This suggests that ␤ is determined mainly by the degree of coupling between the BЈ continuum and the D v ϭ4 state.
A trend seen in Table I is that the angular distributions are more anisotropic for the 0.5 ps laser pulse than the 5 ps laser pulse. It has already been shown that the relative threephoton and four-photon yields are the same for both pulselengths. This suggests that the difference in the angular distributions is not due to competition between dissociation and photoexcitation at the three-photon level. Instead, an intensity-dependent process at the fourth photon level could be active. We have also seen this effect previously in O 2 ͑Ref. 43͒ and CH 3 I ͑Ref. 45͒ photodissociation experiments with the short-pulse 248 nm laser. This behavior in angular distributions for H 2 dissociation can be ascribed, as in the other studies, to higher order effects caused by the interaction of the strong electric laser field with the molecular ion, resulting in an induced dipole moment creating pendular states. The molecules align with respect to the electric field vector due to libration of the internuclear axis about the laser polarization 46 resulting in higher values for the anistropy parameters. This effect increases with increasing laser intensity, thus with decreasing laser pulsewidth. This is shown in Table I , where the values of the anistropy parameters are more extreme for the shorter pulsewidth.
IV. SUMMARY
The multiphoton excitation dynamics of H 2 with picosecond and femtosecond 248 nm pulses is characterized using velocity map imaging giving the full kinetic and angular distribution of the fragments. The primary event seen is three-photon excitation towards the D 1 ⌸ u ϩ (vϭ4) intermediate level which is mixed with the BЈ 1 ⌺ u ϩ vibrational continuum. The D state dissociates towards the second neutral dissociation limit yielding H(nϭ1)ϩH(nϭ2). The degree of mixing appears to determine the product angular distribution following three-photon excitation. At the fourth-photon level autoionization from a doubly excited state leads to both dissociative ionization and a range of vibrationally excited hydrogen ions H 2 ϩ X 2 ⌺ g ϩ (v ϩ ϭ2,7,13), where v ϩ ϭ2 is the strongest. This process is so fast that no hydrogen molecules survive autoionization, which prohibits dissociation into neutrals H(nϭ1)ϩH(nϾ1). Some evidence is also seen for oscillations in the dissociative ionization continuum, as predicted theoretically.
